Since octafluoropentyl methacrylate is an antifouling polymer, surface modification of polyether ether ketone with octafluoropentyl methacrylate is a practical approach to obtaining anti-biofilm biocompatible devices. In the current study, the surface treatment of polyether ether ketone by the use of ultraviolet irradiation, so as to graft (octafluoropentyl methacrylate) polymer chains, was initially implemented and then investigated. The Fourier-transform infrared and nuclear magnetic resonance spectra corroborated the appearance of new signals associated with the fluoroacrylate group. Thermogravimetric curves indicated enhanced asymmetry in the polymer structure due to the introduction of the said new groups. Measuring the peak area in differential scanning calorimetry experiments also showed additional bond formation. Static water contact angle measurements indicated a change in wettability to the more hydrophobic surface. The polyether ether ketone-octafluoropentyl methacrylate surface greatly reduced the protein adsorption. This efficient method can modulate and tune the surface properties of polyether ether ketone according to specific applications.
Introduction
Polyether ether ketone (PEEK) is a high-performance polymer consisting of repeating units of polyether and benzophenone units in the backbone. Outstanding mechanical properties, exceptional chemical stability, high hydrolysis resistance and biological inertness, have made PEEK a promising material for wide variety of biomedical applications, such as orthopedic devices.
1,2 PEEK polymer is also a suitable candidate for replacement of metal, ceramic, and polymeric dental materials due to aesthetic, light weight, and shock absorption properties. 3 The aforementioned polymer is used in dental technology, i.e. abutments, fixed prosthetic frameworks, removable partial denture frameworks, orthodontic removable appliances, brackets, and wires. 4, 5 However, PEEK-based materials, like most of the dental devices that have contact with physiological fluids possess inadequacies, including nonspecific protein and bacterial adhesion. 6, 7 The uncontrolled adhesion of biological compounds on the surface of dental materials is an undesirable phenomenon that causes the deterioration of function and a concern forSalivary glycoproteins cover all surfaces in the oral cavity, seconds after cleaning. Microorganisms adhere to this layer and form biofilms organized as bacterial groups, virus, and fungi. 13 Increased numbers of microorganisms with pathological ability will increase the risk of developing secondary caries along restorations, fungal infections related to complete dentures, and progression of periodontal disease on teeth supporting a partial denture or dental implants. Treatment of infected implants is difficult, as most of the bacteria are in a low metabolism phase of growth and less susceptible to antibiotic therapy. This infection is usually diagnosed at a late stage when the surrounding tissue has already been affected. The mature biofilm resist toward host immune response and antibiotic treatments. Thus, the best way to avoid the infection of implantable devices is to avoid the initial adhesion of bacteria.
14 To overcome the above-mentioned limitations, many studies have been conducted to render the PEEK surface anti-fouling capable.
Successful application of materials primarily relies on the properties of its surface. PEEK's inert surface has limited its applications; therefore, altering the surface reactivity of PEEK is a significant task that must be solved to fully realize the potential profits.
Two main strategies have been employed to improve the surface efficiency of polymers, exposure to highenergy species such as ultraviolet (UV) light, plasma, and g-rays, 15, 16 and wet chemical methods. [17] [18] [19] However, several transitional steps in chemical methods usually result in undesirable byproducts due to the incidence of competition reactions. 20 Compared with other modification methods, UV surface graft polymerizations reveal some advantages including distribution of the grafted chains in a thin layer near the surface without damaging the bulk material. 21 As a result, this functionalized polymer can have both desirable surface and mechanical properties.
Fluoropolymers have been introduced as antifouling materials, and show many exceptional properties as high thermal and chemical resistance, and improved biocompatibility. Therefore, these polymers have been involved in many applications such as chemical resistant, antifouling, and noncorrosive coatings. 22 Several deposit resistance medical devices have been developed by utilizing octa fluoro pentyl(meth)acrylate (OFPA) polymers and have been used clinically; examples include contact lenses, intraocular lenses, vascular stents, corneal implants, and catheters. Therefore, the efficacy and safety of this polymer as an antifouling biomaterial is well-established. 7, [23] [24] [25] Octafluoropentyl(meth)acrylate was studied in the present research because of its unique properties as excellent anti-biofouling material. Surface modification of PEEK with the OFPA polymer is effective for obtaining anti-biofilm biocompatible devices. The functionalized PEEK was characterized by Fourier-transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), solid state nuclear magnetic resonance (NMR), laser scanning microscopy, and contact angle measurements. Biofilm adsorption was determined by the bicinchoninic acid (BCA) method.
In this study, we have demonstrated the fabrication of antifouling biocompatible PEEK biomaterials, by grafting OFPA-on PEEK surface using UV-induced reaction for developing multifunctional dental devices, which are in direct contact with salivary glycoproteins such as fixed and removable dental prosthesis or orthodontic appliances.
Experimental section Materials
PEEK powder (10 microns) was obtained from VICTREX Õ (150UF10). Octafluoropentyl (meth) acrylate was used as obtained from Sigma-Aldrich, USA. PEEK powder was cleaned prior to use by reFuxing in acetone for 48 h at 60 C with continuous stirring, and subsequently dried in an oven at 60 C for 24 h and stored under nitrogen.
General procedure
OFPA functionalized PEEK powder was obtained by UV-initiated photo-grafting (schematically illustrated in Figure 1 ). OFPA (2 g) was added to methanol (12 cc) and degassed by purging N 2 gas for 30 min, then transferred to the degassed PEEK powder (6 g), with continuous stirring and exposed to UV lamp (1000 W, 360 nm) at a distance of 10 cm for 45 s. The powder was rinsed with the ethanol to remove non-grafted polymers and dried in vacuum oven at 40 C for 4 h.
Surface analysis of OFPA-grafted PEEK FTIR spectroscopy. The functional group vibrations of the OFPA-grafted PEEK surfaces were examined by FTIR spectroscopy (Nicolet iS5 Thermo Scientific TM USA, OMNIC TM ) over the range of 500-4000 cm -1 at a resolution of 4 cm -1 . Four scans were collected for each sample.
XPS. The surface elemental condition of the OFPA-grafted PEEK was analyzed by XPS. An Al anode X-ray source was employed with a concentric hemispherical analyzer (Specs model EA10 plus) to analyze the surface composition. The chamber pressure during the XPS experiment was 10 À9 mbar. Five scans were taken for each sample.
TGA. The thermal stability of the polymers was analyzed by TGA. The measurements were carried out using a TGA-50 (Shimadzu) at a heating rate of 10 C min À1 . The analysis was performed on samples with an average mass of 10 mg, under dynamic conditions from room temperature to 700 C, under nitrogen gas purge of 50 mL min À1 . For each degradation step, two characteristic temperatures were selected: T i , the initial degradation temperature and T max , the temperature of maximum rate of degradation.
DSC.
The glass transition and melting properties of the samples were investigated by DSC using NETZSCH DSC 404 F1 Pegasus Õ operating under argon Fow. 10 mg of each sample was first heated up to 200 C at a temperature rate of 10 C min À1 , followed by cooling to room temperature at a rate of 5 C min À1 , and then heated up to 450 C at a heating rate of 10 C min
À1
. The glass transition and melting temperatures were taken as the peak onset in the calorimetric curves, respectively, and the ostensible enthalpies were calculated as normalized integrals of the corresponding peaks. The level of crystallinity was determined from the relation between the enthalpy of the modified sample and the value for crystalline control PEEK.
Nuclear magnetic resonance (NMR). Solid-state crosspolarization/magic-angle-spinning (MAS) NMR spectra were recorded on a Bruker 500 spectrometer/ imager (Bruker Analytik GmbH, Karlsruhe, Germany) with standard double-resonance probe head and frequencies of 10.5 kHz. During the detection period of the C13, magnetization dipolar decoupling was used to eliminate the strong heteronuclear dipolar coupling.
Contact angle. The static water contact angles on the OFPA-grafted PEEK pellet surfaces were measured by the sessile drop method using a digital microscope camera (dinolite model AM 4113ZTS, USA).
Laser microscopy. Surface grafted polymer morphology obtained by Olympus Õ LEXT OLS4000 3D Laser Measuring Microscope. Scattering or fluorescence intensity provides information about each volume element ( Figure 2 ).
Characterization of protein adsorption. Biofilm adsorption was determined by the BCA method. Samples were first immersed in phosphate-buffered saline (PBS) for 2 h, and then in bovine serum albumin (BSA) at a concentration of 4.5 g/L for 2 h. The disks then were rinsed with fresh PBS for 5 min, immersed in sodium dodecyl sulfate (SDS) 1 wt % in PBS, and sonication at room temperature for 20 min to entirely remove the BSA adsorbed onto the surface of the disk. A protein analysis kit (BCA protein assay kit, Thermo Scientific, USA) was used to determine the BSA concentration in the SDS solution.
26,27
Data analysis. Comparison of protein adhesion data between control (PEEK) and experimental (PEEK-OFPA) groups was conducted by means of t-test statistical analysis (SPSS V17). The p-value of less than 0.05 was considered significant.
Results and discussion
Direct functionalization of PEEK is a difficult process, due to the insolubility in common organic solvents. We selected this approach for the direct functionalization, using benzophenone segment to generate free radicals on exposure to the UV radiations. The surface free radicals start free radical polymerization on interaction with available polymers, leading to polymer chains grafted PEEK surfaces. Grafting of OFPA chains on the PEEK surface exhibits the applicability of the proposed strategy. In order to estimate the effects of UV irradiation on the PEEK, we have tested the thermal stability using TGA and DSC. The thermal analysis clearly shows that PEEK polymer retains its stability, even after UV irradiation. The surface functionalization of PEEK membrane was confirmed by FTIR, XPS, and C NMR. Resistant toward the bio-adhesion was demonstrated by BCA method.
FTIR spectroscopy
The surface functionalization of PEEK powder was studied by FTIR spectroscopy. Transmission peaks were observed at 1650, 1590, 1490, 1220, and 1150 cm À1 for both untreated PEEK and OFPAgrafted PEEK (Figure 3 ). These peaks are chieFy Figure 3 . FTIR spectra of untreated (upper graph) and OFPA-grafted (lower graph) PEEK.
attributed to the diphenyl ether group, phenyl rings, and aromatic hydrogen in the PEEK polymer. 28, 29 However, absorption peaks at 1712 and 1050 cm À1 are observed only for OFPA-grafted PEEK. These peaks corresponded to the carbonyl group (C ¼ O) and fluoride group (C-F) in the OFPA polymer. Broad peak band of OH-group at 3400 cm À1 is related to C ¼ C radical bond of OFPA to PEEK polymer. The IR spectra of semicrystalline polymers containing the benzophenone segment present two carbonyl stretching vibrations: the main feature at 1590 cm À1 and a shoulder at 1650 cm À1 , which represent the crystalline and amorphous phases, respectively. 30 The spectra of the control PEEK and the derivatives with a lower degree of grafting display an overlapping of the two aforementioned absorptions; however, for functionalized PEEK, the stretching vibration seems to be mainly related to the amorphous phase. In order to quantitatively track the reduction process, the ratio between the area of the carbonyl peak at 1650 cm À1 and the unchanged reference area at 1490 cm À1 , associated with the C-C stretching of the aromatic rings, was calculated. The value decreased from 0.40 for the pure PEEK to 0.35, which proves that the carbonyl group was effectively reduced. On the other hand, new absorption peaks can be visualized in the spectra of the PEEK derivative, which confirm the success of the reduction process.
TGA
TGA is a useful method to evaluate the thermal stability of the material. The mass loss of polymeric material corresponds to the decomposition of the main chain. The thermogravimetric curves are shown in Figure 4 . Pure PEEK exhibits a single degradation stage that initiates (T i ) at 530 C and shows the maximum rate of weight loss (T max ) at 570 C. At 700 C, the residual mass is about 53% of the initial weight. OFPA-PEEK exhibits two distinct weight loss stages; the first maximum weight loss rate at 350 C may represent the premature degradation of the Fuoroacrylate copolymer and showed the grafting degree of OFPA on the surface of PEEK particles. The second degradation stage of OFPA-PEEK begins at 480 C, about 50 C lower than PEEK, whereas for the compound with higher degree of functionalization the decrease is considerably stronger, higher than 100 C, which could be explained by significant asymmetry in the polymer structure due to the new side groups that render it less stable. 31 
XPS
The XPS measurements were carried out to determine the surface chemical compositions of PEEK-OFPA ( Figure 5 ). The XPS of pristine PEEK showed signals at 533 and 286 eV corresponding to O1s and C1s orbitals, respectively. 32 In the XPS scan of PEEK-OFPA, besides the change in intensity of O1s and C1s signalssurface C/O atomic ratio, a new signal for F1s at 685 eV is observed. The high-resolution XPS revealed peaks for C-C, C-O, and C ¼ O at 284.5, 286.6, and 288.5 eV, and also new peaks at $291.5 related to CF2, which verified the surface modification with fluoroacrylate moieties. NMR C-13 spectra were run on both samples to monitor the reduction of the ketone group from the benzophenone segment and covalent attachment of OFPA ( Figure 6 ). Chemical shift signals can be observed in the spectra, caused by the anisotropic nuclear magnetic interactions of the carbon nuclei and the homonuclear dipole couplings in solid samples. 33 The most intense signals appear in the spectral range around 120, 135, 150, 160, and 193 ppm for both samples, associated with the carbons of the aromatic rings. A close analysis reveals the gradual diminution of the intensity of the peak at around 193 ppm, associated with the carbon of the carbonyl group and, the appearance of a new signal at 62 ppm, related to the carbon linked to the hydroxyl group. These results also indicate that the functionalization of PEEK has been perfectly carried out without disturbing the ketonic group, which is present in the main backbone of PEEK. Therefore, the NMR study further supports the results obtained from FTIR.
DSC
DSC technique provides quantitative and qualitative information about physical and chemical changes that involve endothermic or exothermic reaction in the material, which relates to molecular vibration before and after processing. As PEEK melts and decomposes at higher temperatures than OFPA, it is important to study how the presence of OFPA on a particle's surface would inFuence the thermal behavior of the polymer. DSC experiments run on samples of PEEK and OFPA grafted PEEK powder. A comparison between the DSC heating curves is shown in Figure 7 . As for the grafted PEEK, the first endothermic peaks shift to a higher temperature range (219 to 225 C). This could be attributed to strong interactions between OFPA and the surface of PEEK polymer. Tg shift to a higher temperature, indicating that the molecules lose mobility. The substituent groups enable the formation of strong inter and intramolecular bonds between the polymeric segments that limit the polymer chain diffusion. The covalent bonds between the OFPA and the surface of PEEK polymer cause higher energy requirements to attain the glassy state before reaching the Tg due to less chain mobility. 34 The exothermic peak energy area can be used to assess additional bond formation. The melting point of PEEK derivative is similar to that of native PEEK, indicating the crystalline structure of the polymer did not change significantly during modification. 
The static-water contact angles
Drops of purified water (0.05 cc) were deposited on the OFPA-grafted PEEK disk surfaces, and the contact angles were directly measured after 10 s of dropping. Measurements were repeated 10 times for each sample, and the average values were regarded as the contact angles. CA ¼ 77.3 for PEEK that turned into higher hydrophobicity with CA of 88.1. This change in surface wettability correlates with the change in the surface electrostatic charge.
Characterization of protein adsorption
The adsorption of proteins can be diminished by either thermodynamic or kinetic control decreasing the interaction between protein and the surface by eliminating the attractive forces between them is thermodynamic control. Kinetic control can be achieved by incorporation of barriers to slowing down the rate of protein adsorption, for example, by the introduction of long-range repulsive forces through polymer grafting. 36 Hydrophobic coatings are used to prevent nonspecific adsorption of biological materials. Grafting of hydrophobic, protein-repellent fluoropolymer brushes onto the specific structures opens a new door to fabricating long-term antifouling coatings on various substrates. 37 To date, there has been no report on protein-repellent PEEK polymers.
Protein adsorption onto disk surfaces is plotted in Figure 8 (mean AE SD; n ¼ 6). Preliminary examination of the data suggested differences in the protein-surface adhesion; the PEEK-OFPA surface greatly reduced the protein adsorption compared to the control group (p < 0.05). The PEEK-OFPA samples were found to retain their protein-resistance properties, even after 3 months of aging in distilled water. 
Conclusion
A wide range of materials is used for different clinical and biomedical applications. However, in order to comply with the conditions of biocompatibility, their surface generally needs to be altered. The properties of the surface determine the appropriate application of the material and the final strategy for its modification. In the present research, it was demonstrated that UV activation provides an efficient method for the decoration of PEEK surfaces with OFPA under mild condition. UV-irradiation produces a high-concentration of semi-benzopinacol radical on the surface, which can initiate the graft-from polymerization of the available monomer as the main reaction. High concentration of OFPA (as protein repellent monomer) in the reaction system leads to the self-initiated surface graft polymerization between the radicals on the PEEK surface and the OFPA monomer, forming the high-density graft chain on the area. The OFPA graft layer density is greatly controlled by the concentration of free radicals and monomers. This approach is a simple single step and low-cost route to functional PEEK with significant characteristics for use as protein repellent dental appliances, which are in contact with salivary glycoproteins. This strategy is also accessible for a wide range of other polymers as grafting medium.
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